Fungal growth on indoor surfaces can decay building materials and release hazardous substances that affect indoor air quality. Despite the numerous methods available for growth determination, there is no commonly accepted standard. The goal of this study was to compare five different assay methods for the measurement of fungal growth: cultivation, MS-based determination of ergosterol, beta-N-acetylhexosaminidase activity, quantitative PCR and microscopic spore counting. Three fungal species (Aspergillus puulaauensis, Cladosporium montecillanum and Penicillium polonicum) were grown on three different building materials (two types of acoustic board and wood). Fungal load was determined at different time points. Results from all of the methods, except the spore count, showed good correlation between each other (r=0.6-0.8). Results obtained with the cultivation method had the highest variability among replicate samples (65 %), making it the least reproducible in repeated measurements. However, it also displayed the highest variability in incubation times (149 %), indicating its suitability for detecting transient changes in the physiological state of cells. Similar to the cultivation method, quantitative PCR correlated well with the other methods and had high variability in incubation times but had lower variability among replicate samples. Ergosterol and beta-Nacetylhexosaminidase enzyme activity seemed to be the methods least dependent on the physiological state of the cells. Varying growth dynamics were observed for different species over time with the different assay methods. Each one of the tests provides a different perspective on fungal quantification due to its specific responses to the various stages of fungal growth.
INTRODUCTION
Microbial growth on building materials and in indoor environments is a known problem (Ettenauer et al., 2012) to which modern buildings are increasingly prone. Statistics indicate that about 55 % of Finnish residences are in need of remediation (Nevalainen et al., 1998) , while about 40 % of buildings in the USA suffer from serious air quality issues due to moisture damage (WHO Regional Office for Europe, 2009 ). Conditions such as floods, water leaks, construction faults and poor ventilation are among the major causes of moisture accumulation in indoor materials (Nielsen et al., 2004) . These conditions are known to initiate and sustain microbial growth (Sterflinger, 2010) .
Prolonged moisture provides favourable growth conditions, leading to visible fungal growth on building material surfaces (Gock et al., 2003) . It is this increase in fungal biomass that differentiates surfaces supporting fungal growth from those that do not (Reeslev & Miller, 2000) . The growth of fungi under conditions that fluctuate with time results in different parts of the fungal growth responding differently to the changes in the conditions. At any given time, fungal mycelium may exist in several discrete microsites, each influenced by different biotic and abiotic factors. While some parts of the fungal growth respond to available nutrients and moisture and grow exponentially, other parts may remain static or die out (Carlile et al., 2001) . Furthermore, the responses can vary markedly in the fungi, depending on the age of the culture and the growth conditions (Carlile et al., 2001) . Therefore, investigations attempting to determine fungal presence and estimate growth require test methods capable of evaluating and preferably differentiating viable and non-viable cells.
Although it is usual practice to conduct microbial measurements before and after remediation, the results only present a snapshot of the fungal growth dynamics. Therefore, information on the ability of different analysis methods to detect temporal changes in the growth of fungi will help explain results from field sampling.
There is no simple method to estimate fungal growth at different time points of incubation (Marín et al., 2005) . The traditional cultivation method remains the obvious choice for isolation, identification and estimation of fungal growth on building materials (Ettenauer et al., 2012) . However, it only accounts for culturable fungi and underestimates the total fungal concentration (Lee et al., 2006; Toivola et al., 2002) . To adequately assess total fungal concentration, the measurement of all cells, both culturable and unculturable, is desirable. Total spore count allows measurement of both culturable and unculturable spores, with the spores typically stained to increase contrast with the background. Acridine orange is used to stain the spore DNA, causing the spore to fluoresce when viewed under an epifluorescence microscope (Palmgren, 1986) . PCR-based methods target the DNA of both culturable and unculturable cells (Kaarakainen et al., 2009) . Detection and quantification of organisms are based on a specific sequence of DNA in the sample (Ettenauer et al., 2012 ).
An alternative to fungal cell quantification is total fungal biomass estimation (Marín et al., 2005) , which includes the use of chemical markers, e.g. ergosterol (Szponar et al., 2003) , (1,3)-beta-D-glucan (Foto et al., 2004) and the enzyme beta-N-acetylhexosaminidase (NAHA) (Reeslev et al., 2003) . Ergosterol is a mould-specific cell membrane component, the amount of which is used to estimate total fungal biomass (Parsi & Górecki, 2006) . The NAHA enzyme is found in all filamentous fungi (Reeslev et al., 2003) and at all phases of fungal growth. Both ergosterol and NAHA are found in viable as well as non-viable or unculturable cells and therefore have been used as surrogates for total fungal biomass.
To date, comparisons between fungal quantification methods have rarely taken into account the temporal variation in the amount of fungi measured. Studies that compared new quantitative methods with culture-based methods for assessing fungal growth (Pitk€ aranta et al., 2011) have employed samples collected at one time point of incubation. It will, however, be valuable to compare how well different methods can detect temporal variation in fungal growth.
In an earlier study (Mensah-Attipoe et al., 2015) , we focused on comparing the susceptibility of green and conventional building materials to fungal growth; we used four incubation times and the cultivation and NAHA enzyme activity assay methods. We found a good correlation between these two methods. As a follow-up, we included three additional methods: ergosterol content, quantitative PCR (qPCR) and total spore count. In this paper, we present a comparison of the five assay methods, with a specific focus on the capability of the methods to detect temporal variation in fungal growth under controlled laboratory conditions.
METHODS
Test micro-organisms. Three fungal species, Aspergillus puulaauensis [DSM 103661, which belongs to the Aspergillus Versicolores complex (Jurjevic et al., 2012) ], Cladosporium montecillanum [German collection of micro-organisms and cell cultures: DSMZ 62121, from the Cladosporium cladosporioides complex (Bensch et al., 2015) ] and Penicillium polonicum (ATCC 58606 with 100 % similarity to Penicillium brevicompactum ATCC 58606), were used in the experiment. These species complexes are common in indoor air worldwide (Hyv€ arinen et al., 2001; M eheust et al., 2013; Reponen et al., 2012) .
Test materials. Three building materials were used in this study: the inner part of two acoustic boards, green acoustic board (ABD -Acoustic Board Dark brown) and non-green acoustic board (ABY -Acoustic Board Yellow), and the top surface of pine sapwood. ABD contained glass wool with plant-based binding resin; ABY was similar to ABD except that the binding compound was phenol/formaldehyde urea resin. The pine sapwood was untreated and had been in storage for at least 2 months before use. Altogether, 108 material samples of each type were prepared (3 fungal speciesÂ3 types of materialÂ4 time pointsÂ3 repeats). All the material samples were sterilized by gamma irradiation (25 kGy) prior to inoculation (Scandinavian Clinics Estonia).
Prior to the preparation of the building materials for inoculation, our initial cultivation experiments showed that A. puulaauensis and C. montecillanum grew well on malt extract agar whereas P. polonicum grew better on dichloran glycerol 18 agar. Therefore, these two agar media were used to grow the respective fungal strains in the cultivation analysis.
The preparation of individual fungal spore suspensions is described in an earlier study (Mensah-Attipoe et al., 2015) . Briefly, 1 g of glass beads (Ø=425-600 µm; Sigma-Aldrich) was applied to a sporulating fungal culture on an agar plate and the plate was shaken gently back and forth to get spores attached to the beads. Thereafter, the beads were transferred to a tube containing 15 ml of 0.05 % Tween 80. The spores were detached from the beads by shaking the tube and decanting the spore suspension. The spores were counted with a haemocytometer (FuchsRosenthal; Hirschmann EM Techcolor) and the concentration was adjusted to about 10Â10 6 spores ml
À1
. Gamma-sterilized building materials (5Â5 cm) were first moistened with sterile distilled water and then inoculated by spreading 0.5 ml of the spore suspension uniformly onto the material surfaces using a glass rod. Building material samples inoculated with 0.05 % Tween 80 solution without any microbial load were used as controls.
Inoculated material samples were incubated at room temperature (21 ±2 C) in controlled condition chambers (24 l) for 1, 2 and 4 weeks with samples also analysed immediately with no incubation period (day 0). This time point was included as a control to account for variation in the inoculation and recovery of fungi on the different materials. Approximately 1 litre of a saturated solution of K 2 SO 4 (150 g l
) was placed on the bottom of the chamber to maintain a relative humidity of 95-97 % (Korpi et al., 1997) . A fan was placed in the chamber to maintain uniform air circulation throughout the chamber. Temperature and humidity were measured with a thermohygrometer (Vaisala) every day for the first week and then once per week. The amount of moisture absorbed by the materials was measured and moisture content was calculated once per week.
Analysis of fungal conidia and biomass. After each specified incubation time point (day 0, and after 1, 2 and 4 weeks), nine plugs were cut from each inoculated material using a sterile arch punch (Ø=1.4 cm and area=1.54 cm 2 ) (ELORA), randomly grouped into three groups of three and used for measurements of fungal load. The total surface area of the three plugs in each group was 4.62 cm 2 . One set of three plugs was extracted with 10 ml of 0.05 % Tween 80 and aliquoted into three different tubes. One tube was used for cultivation analysis while the other two were stored at À18 C until use for total spore count and qPCR analyses. The second set of three plugs was immediately used for NAHA enzyme activity analysis, and the third set of three plugs was stored at À18 C and used for ergosterol analysis.
Cultivation method. For determination of viable cells, serial dilutions of the fungal suspensions obtained from the building material plugs were prepared and plated in duplicates. A. puulaauensis and C. montecillanum were inoculated on 2 % malt extract agar (Lab M) while P. polonicum was inoculated on dichloran glycerol 18 % agar (Merck). After incubating the plates at 28 C for 5-10 days, the colonies were counted to determine the load of culturable fungi as c.f.u. per surface area of material (c.f.u. cm
À2
). The limit of detection (LOD) for the cultivation method was 9 c.f.u. cm
. It was calculated assuming that only one colony was observed in undiluted suspension (i.e. when 0.1 ml of original suspension was inoculated giving a dilution of 10 -1 on the plate). Samples that had c.f.u. counts below the LOD were assigned a value of 5 c.f.u. cm À2 (half of the calculated LOD value) for the data analysis.
Total spore count. The load of total fungal spores was determined by a direct microscopic counting method with an epifluorescence microscope (Palmgren, 1986) . In brief, the fungal suspension obtained from the building material plugs (1 ml) was stained with 0.01 % acridine orange working solution and filtered through membrane filters (black polycarbonate, 25 mm diameter, 0.2 µm pore size; Whatman Nuclepore). The filters were mounted on slides and the spores were counted under an epifluorescence microscope (Carl Zeiss microscope, Model 1000). Forty fields were counted for each slide and the results were expressed as spores per surface area of material (spores cm
). The concentration (C) of fungal spores per millilitre of suspension stained was calculated as follows:
where R is the effective radius of the filter (9.5 mm), n 1 is the number of counted fungal spores, A is the area of microscopic field (0.01 mm 2 ), n 2 is the number of counted fields (=40) and V is the volume of suspension stained (1 ml). The final results were expressed as spores cm
. The LOD for this method was 150 spores cm
. LOD was calculated assuming that only one spore was counted on the filter.
DNA extraction and qPCR analysis. DNA was extracted from fungal suspensions obtained from the contaminated building materials using the glass bead milling method (Haugland et al., 2002) , with some modifications. A High Pure PCR Template Preparation kit (Roche Diagnostics) was used to isolate DNA from 200 µl of fungal suspension after bead milling with glass beads. The DNA samples were stored at À20 C before qPCR analysis.
A qPCR assay was subsequently performed using Cladosporium-specific primers for C. montecillanum (Zeng et al., 2006) and PenAsp primers for A. puulaauensis and P. polonicum (Haugland et al., 2004) . For qPCRs, the equipment and materials used were a universal Master Mix (LightCycler 480 SYBR Green I or Probes Master; Roche Diagnostics), primers and probes in appropriate concentrations and DNA samples of 2 µl in a total volume of 20 µl. A parallel analysis of negative controls using water and positive controls was performed. Real-time qPCR amplifications were done using LightCycler 480 (Roche Diagnostics).
The cell equivalent (CE) was calculated by adopting a method for estimating amplification factors and extrapolating conidia equivalents for the assays using standard curves as described by Brinkman et al. (2003) . For calibration curves, serially diluted log target conidia equivalents versus delta threshold cycle values (DC t =C t,target -C t,reference ) were plotted. The number of conidia detected in the samples was calculated using the comparative threshold cycle method as follows. First, the comparative target level was calculated using the equation: A e ÀDDCt where A e is the amplification efficiency and DDC t is DC tsample ÀDC t,calibrator [(C t,target -C t, reference ) sample À(C t,target -C t,reference ) calibrator ]. The DC t,calibrator value was obtained from the calibration curve as the mean DC t value of all dilutions. The log number of cells in the sample was then obtained by multiplying the comparative target level by the amount of cells in the calibrator, which was the mean log of cells in all dilutions of the calibration curve. Finally, the CE numbers per square centimetre were calculated. The LOD was calculated using the least detectable C t value for each assay. The LOD for these analyses was 11-116 CE cm
, depending on the fungal species.
NAHA enzyme assay. NAHA enzyme activity was measured using the MycoMeter protocol (Reeslev et al., 2003) with a few modifications. In brief, a reaction reagent -1 ml activator and 1 ml synthetic enzyme substrate -was added to the building material pieces in the test tubes. A standard reaction time based on dependence on indoor temperature was used; for example, a temperature of 23 C required a reaction time of 30 min. Thereafter, 100 µl of the sample extracted with the reaction reagent was transferred to a developer solution -2 ml in a 10Â10 mm plastic cuvette -and mixed thoroughly. Each sample cuvette was then placed in a fluorometer (Promega BioSystems), and enzyme activity was recorded based on fluorometer readings. Enzyme activity was expressed in fluorescence units per square centimetre of material plug surface areas (U cm
). An LOD of 12 arbitrary fluorescence units (U) per sample was adopted from Reeslev et al. (2003) . Thus, the LOD for these analyses was 2.6 U cm À2 . Ergosterol analysis. Ergosterol content was measured using a method described by Sebastian & Larsson (2003) with minor modifications. Hydrolysis of the building material plugs was performed by heating the samples in 4 ml of 10 % methanolic KOH at 80 C for 90 min; extraction of the samples was done with hexane (first step: 1 ml; second step: 2 ml) instead of heptane. Details of the analytical instrumentation and methodology were recently published by Lepp€ anen et al. (2014) . Instrumental analysis was performed with an Agilent 6 890 GC (Agilent) coupled to an Autospec Ultima high-resolution mass spectrometer (Waters). The LOD was calculated using MassLynx software of the GC high-resolution mass spectrometer as the mass of ergosterol that produced a signal-tonoise ratio of 3. This mass was then converted into units of nanograms per square centimetre. The LOD for these analyses was 0.65 ng cm À2 . Data analysis. Blank values obtained for most of the samples were below the detected LOD, with the exception of 47 % of the blank wood samples that were analysed for NAHA enzyme activity which had values above the LOD (mean for all wood blanks=2.8 U cm À2 ; maximum=5.2 U cm
). As the NAHA enzyme activity measured for the blank values was <2 % of that of the contaminated materials, the measured values were not corrected for blanks.
For each analysis method, the obtained load values (i.e. the dependent variable) were initially assessed for their associations with three factors of interest, i.e. the effect of fungal species, time and material, using a three-way ANOVA model with interaction. Since all the ANOVA models using the results of the different methods revealed that material was not a significant factor, it was dropped from the final analyses. A twoway (i.e. species and time effect) ANOVA model with interaction was used in the final analysis. Post hoc means from the same species were further compared between time points under the ANOVA model and adjusted for multiple comparisons using Tukey's method. Relationships between the methods were assessed using Pearson's correlation coefficients.
Internal variability (or reproducibility) among the three replicate samples was calculated using a coefficient of variation between replicates (CV r ) for each method. The coefficient of variation is considered as a 'relative standard deviation' in which the variation or standard deviation is adjusted by the mean of the measurement to ensure that variations are more comparable among measurements with different magnitudes and units. Similarly, internal variability across different time points for each method was also assessed and calculated using the coefficient of variation between time points (CV t ). All analyses were performed with SPSS for Windows v21 (2014). Plots were constructed using GraphPad prism v6 (GraphPad Software). P values <0.05 were considered statistically significant. Table 1 provides a summary of fungal loads measured with the various assay methods when the results for all species, all growth materials and all incubation times were pooled together. Generally, when the methods that measured c.f.u., cell and spore counts (cultivation, qPCR and total spore count, respectively) were compared, it was observed that the load of viable fungi measured with the cultivation method was the lowest and was about 1 order of magnitude lower than the load of CEs measured by qPCR. All the methods detected fungi above the LOD except the cultivation method, which had 23 % (25/108) of samples below the LOD. Clear visible growth with sporulation was observed for A. puulaauensis and P. polonicum on wood but not for C. montecillanum. However, for all the species, less visible growth with sporulation was observed on the inner parts of the acoustic boards due to its fibrous structure.
RESULTS
The cultivation method revealed considerable variability when the CV r of replicate samples was compared for the various methods (Table 2 ). The CV r for the cultivation method (68 %) was about twice that of the other methods (23-35 %). A comparison of the CV t of the various methods within species at all time points (Table 2 ) revealed a high degree of variability in the cultivation method with a mean CV t of 149 %, followed by qPCR (116 %), total spore count (105 %) and ergosterol (63 %). NAHA enzyme activity had the lowest variability (35 %). Variation in CV t was mainly driven by the results for A. puulaauensis (Table 2) . Different species-specific dynamics over time were observed with the different methods. For most measurement types, the load of P. polonicum was highest followed by A. puulaauensis and then C. montecillanum (Fig. 1) . When the results from cultivation and total spore count methods were compared (Fig. 1a, b) , a statistically significant decrease in the c.f.u. of A. puulaauensis was observed from day 0 to week 1 (P<0.01) followed by an increase until week 4. The increase from week 1 to week 4 was statistically significant (P<0.01). While c.f.u. values and total spore counts of C. montecillanum decreased from day 0 until week 4 of incubation, both c.f.u. and total spore counts of P. polonicum increased from day 0 until week 4. Statistically significant differences (P<0.01) were, however, observed between the total spore counts of P. polonicum counted at day 0 and week 4 (Fig. 1) . A. puulaauensis cells measured with qPCR increased significantly (P<0.05) from week 1 until week 4. Likewise, P. polonicum cells increased significantly (P<0.05) from day 0 until week 2 and thereafter decreased by week 4. A statistically significant decrease (P<0.05) in C. montecillanum conidia measured by qPCR was observed between day 0 and week 2 with a slight increase thereafter, although not significant (Fig. 1c) .
NAHA enzyme activity did not vary significantly over time for C. montecillanum and P. polonicum although a slight increase in the enzyme activity was observed for the latter. However, NAHA enzyme activity in A. puulaauensis stayed constant from day 0 until week 2 and then increased significantly (P<0.01) until week 4 (Fig. 1d) . Ergosterol content, on the other hand, increased from day 0 until week 4 for all the fungal species, with statistically significant differences (P<0.05) between incubation times, day 0 and week 2 as well as day 0 and week 4, for A. puulaauensis (Fig. 1e) .
A strong correlation (Pearson's correlation coefficient r=0.60-0.84) was observed between the different methods, except for total spore count which correlated moderately with ergosterol content, NAHA enzyme activity and qPCR (r=0.44-0.52). All the correlations were statistically significant (P<0.01) ( Table 3) . shows the variations in temperature and relative humidity of the chamber as well as the moisture content of the building materials during the period of the experiment. While temperature was constant, relative humidity initially increased, reaching a plateau 2 days after incubation; the moisture content of the materials increased from week 1 until week 4 of incubation. Table 4 summarizes the known advantages and disadvantages of the five methods used as well as findings in the current study.
DISCUSSION
In this study, the temporal variation of fungal growth on different building materials was evaluated using five different assay methods. CV t , calculated across the different time points for each method, revealed variability in fungal amounts with the different methods. A higher CV observed over time for a particular method is desirable since CV t reflects the ability of the method to detect temporal variation, i.e. transient changes in the growth dynamics. Of the five methods used, cultivation, total spore count and qPCR better detected the transient changes in the physiological states of the cells as determined by their high CV t values (149, 105 and 116 %, respectively). The highest variation observed over time was with the cultivation method; this could mean that it best describes the temporal variation in fungal growth. The methods that measured fungal biomass, i.e. assays for NAHA enzyme activity and ergosterol content, were less effective at detecting changes in the physiological states of the fungal conidia due to their low CV t values (35 and 63 %) and the constant or slightly increased fungal biomass measurements at the different time points of incubation. Thus, temporal variation in the physiological states of the fungal species may be better detected with methods that measure viability or total fungal conidia rather than with methods measuring biomass.
For triplicate samples, the cultivation method had the highest CV r . In this regard, CV r describes the quality of repeated measurement and therefore gives crucial information to practitioners about the repeatability of a method used in measuring both viable and non-viable fungal conidia and biomass. Thus, a lower CV r is desirable. The high variability observed with the cultivation method (68 %) compared to the other methods (23-36 %) indicates low repeatability in determining viable fungi when counting c.f.u. This supports previous results obtained by Amann et al. (1995) and Niemeier et al. (2006) .
Of the three fungal species studied, P. polonicum was the only one that had a continuous increase in the c.f.u. from day 0 until week 4, although the increase was not statistically significant. An initial decline in c.f.u. was observed for A. puulaauensis. This may indicate death or no fungal growth on the material surfaces and may be due to conditions being unfavourable for growth. Although the relative humidity in the incubation chambers reached the target value at day 2, the moisture content of the building materials continued to increase until week 4. With the increase in moisture content, A. puulaauensis started to grow after week 1. In contrast, the c.f.u. load of C. montecillanum steadily declined during the 4-week incubation period. These results indicate that the optimum conditions for growth of C. montecillanum were not met; hence, its decline in growth. It may be assumed that A. puulaauensis conidia are more sensitive to relative humidity shock than those of the other two fungal conidia used. The moisture conditions are discussed in more detail below.
Our results show some limitations of the cultivation method in determining viable fungi, as described in other studies (Amann et al., 1995; Niemeier et al., 2006) . Of the methods that counted numbers of fungal c.f.u., cells and spores, the cultivation method detected the lowest numbers. In contrast, the total spore count and qPCR methods accounted for all cells irrespective of their viability (Amann et al., 1995) and hence the higher numbers measured compared with the cultivation method. It should be noted that all three assays were conducted using aliquots from the same extraction suspension. The LOD reported for the cultivation method could be lower if the fungal suspension had been concentrated by, e.g., filtration as was done for the total spore count or qPCR methods.
For the microscopic spore count, all spores were counted based on shape and fluorescence and hence the higher number of spores obtained compared to c.f.u. However, the initial decline in spore count at week 1 observed with A. puulaauensis was surprising as one would also expect dead cells to be detected. The total spore count method is based on the use of dyes that stain spore DNA, making them fluoresce under a fluorescence microscope (Palmgren, 1986) . However, when spores dry out or die, they resist staining (Burge, 1995) , thus limiting spore counts.
Although the qPCR method measures all conidia as well as mycelia (Pitk€ aranta et al., 2011) , decreases in cell numbers were observed for C. montecillanum from day 0 until week 4 while increases in cell numbers were observed for A. puulaauensis and P. polonicum. The amount of DNA measured may depend on the amount of intact cells present in the sample at the time of the analysis (Amann et al., 1995; Mumy & Findlay, 2004) . Therefore, death or break-up of conidia as a result of changes in the moisture content of the building materials may affect the amount of DNA measured. During cell death or break-up, DNA is either damaged or denatured. This may explain the decline in cell equivalence for C. montecillanum measured with qPCR. A disadvantage of the qPCR method is that it may have biases due to gene copy numbers. However, our results were not affected by these biases since we used primers and probes that target the internal transcribed spacer gene region and keep the copy numbers fairly stable across varying conditions (Herrera et al., 2009 ). In addition, we used spore suspensions of known concentrations in creating standard curves rather than DNA preparations of known DNA concentration, which are sometimes used to estimate cell counts.
The methods that measured chemical markers showed fairly constant or slight increases in fungal loads with increasing incubation time. Both the NAHA enzyme and ergosterol are found in viable and non-viable cells (Reeslev et al., 2003) . It is notable that an increase in ergosterol content and NAHA enzyme activity was observed for all the fungal species while the loads of c.f.u., total spore count and cell equivalence declined or remained the same, especially for A. puulaauensis and C. montecillanum, during the first week of inoculation. Ergosterol and NAHA enzymes are known to be present in all phases of fungal growth and may remain fairly stable even when a proportion of cells die or disintegrate losing their contents, including DNA. On the other hand, it has been shown that ergosterol is labile and becomes unstable upon the death of fungal hyphae (Gutarowska & Piotrowska, 2007) . However, it is unclear how long ergosterol persists in the fungi and can be detected. In a study to determine microbial colonization of materials using chemical methods, Szponar et al. (2003) measured ergosterol long after the materials had dried out and c.f.u. results were negative. Similarly, Rylander (2015) has shown that NAHA activity is retained during the first month of storage but slightly declines after a year. Both NAHA enzyme activity and ergosterol content had low CV r and CV t values, indicating that both methods have high reproducibility but low capacity for determining transient changes in growth dynamics.
Different species-specific dynamics over time were observed with the different methods. Different fungal species have distinct adaptation modes for conditions that support and promote growth (Bekker et al., 2012) . Consequently, the physiological state as well as the growth cycle of a fungal species could be influenced differently as a function of Methods comparison for determining fungal growth incubation time. Conidia germination time, although influenced by the nutrient content of the substrate on which the fungi grow, is also affected by the moisture content of the material available to the fungal conidia (Abellana et al., 2001; Nanguy et al., 2010) . A critical moisture content is therefore needed for conidia to germinate and grow (Sedlbauer, 2001; Viitanen et al., 2010) . We found that, although relative humidity in the chamber reached a plateau of 95 % 2 days after incubation, the moisture content of the material samples increased from week 1 to week 4 of incubation. Thus, the optimal moisture conditions for fungal growth might not have been reached during the 4-week incubation. This in turn might have contributed to the inactivity of the conidia as shown by a decline in the load of viable fungi when counting c.f.u. The minimum water activity (a w ) required for growth by Penicillium, Aspergillus and Cladosporium strains is 0.78-0.82, 0.79 and 0.86-0.88, respectively (Flannigan et al., 2002; Grant et al., 1989) . We measured moisture content, which usually follows the same pattern as the water activity (Grant et al., 1989) . As a corollary, C. montecillanum would require the highest moisture content. It is possible that the optimum moisture content for the growth of C. montecillanum was not reached; hence, the decline in growth throughout the incubation period. An advantage of using the cultivation method is its ability to reveal these dynamics.
Despite the differences in measurements of the physiological states of the fungal conidia, an assessment of the relationship between the methods exhibited a moderate to good correlation, indicating that the methods have similar trends in assessing growth. In our previous study (MensahAttipoe et al., 2015) , we found good correlation between the cultivation and NAHA methods. In the present study using five different methods, a moderate to good correlation was also found among all the methods used for assessing fungal growth. Comparative studies of various methods assessing the presence of fungi on building materials have shown a good correlation between ergosterol content and c.f.u. in water-damaged materials (Pasanen et al., 2000) . Likewise, a good correlation between ergosterol content and NAHA enzyme activity was observed when fungal growth on building materials was studied (Reeslev et al., 2003) .
More information could have been obtained from the methods used in this study if incubation times had been longer and field samples had been collected under fluctuating humidity conditions. These are some of the limitations of this study. However, the aim was to use laboratory conditions to simulate the scenario when fungal growth samples are taken from the same spot over a period of time to estimate fungal growth, especially during water damage. Field samples or old and dried out materials that have been under the influence of uncontrolled growth conditions might yield different results. Therefore, it would be very challenging to replicate our study design with field samples. Furthermore, the experiments had two extreme samples: one blank and the other intentionally contaminated. With these samples, the study was not designed to calculate the specificity and sensitivity of the methods. Future experiments are need to address these issues.
This study focused on a comparison of methods for the assessment of fungal growth as a function of incubation time. Evidently, the differences in results observed between the methods depended not only on the fungal species but also on the physiological states of the cells, especially the balance between growth and death. The different methods relied on distinct mechanisms or molecules that responded to dead or viable fungal cells and cell wall agents. Therefore, each one of the tests provided a different perspective into the different stages of fungal growth. The use of multiple methods should be encouraged in order to obtain information on the number of living cells as well as the total fungal biomass on building material surfaces.
